A) RNA-seq analysis of the expression of Wnt signalling inhibitors, Dkk1-4, Wif1 and Cer1, in the micro-dissected dentate gyrus tissue of adult WT mice, and 4 hours after a single ECS. Values represent mean ± SEM (n = 3; n.s.: P > 0.1; one-way ANOVA). (B) Generation and confirmation of sfrp3 KO mice. Shown is a schematic diagram of the targeting construct and Southern blot analysis of sfrp3 KO (-/-), HET (+/-) and WT (+/+) mice. (C) Confirmation of the effectiveness of shRNA against mouse sfrp3. Shown are sample western blot analysis of HEK293T lysates after co-transfection of shRNA and expression construct for HAtagged full length sFRP3 and summary of densitometry measurements of three individual 3 experiments. sFRP3-HA band was normalized to that of β-actin for loading controls. Values represent mean ± SEM (n = 3; *: P < 0.01; one-way ANOVA). (D) Increase of cell proliferation after acute sfrp3 knockdown in the adult dentate gyrus. Shown at the left is a schematic diagram of the experimental design. Lentiviruses co-expressing tdTomato and shRNA-sfrp3 or shRNA-control were stereotaxically injected into the dentate gyrus of adult WT mice. Shown below are sample confocal images of tdTomato and BrdU immunostaining. Scale bar: 20 µm. Shown at the right is a summary of stereological quantification of BrdU + cells in the SGZ within tdTomato + regions. Values represent mean ± SEM (n = 6 animals each; P < 0.05; one-way ANOVA). (E) Increased canonical Wnt signaling after acute sfrp3 knockdown in the adult dentate gyrus. AAVs co-expressing GFP and shRNA-sfrp3 or shRNA-control were stereotaxically injected into the dentate gyrus of adult TOPGAL reporter mice and βGal expression was analyzed at 7 dpi. Shown at the left are simplified schematic diagram of the canonical Wnt signalling pathway and the TOPGAL reporter (top) and sample confocal images of GFP, βGal and DAPI (bottom). Scale bars: 20 µm. Shown at the right is a summary of quantification of βGal + cells within the granule cell layer and SGZ regions with GFP expression. Values represent mean + SEM (n = 3 animals each; *: P < 0.01; student's t-test). 4 Figure S2. Analysis of sFRP3 Function in Regulating Quiescent Neural Progenitors in the Adult Mouse Hippocampus, Related to Figure 2 (A-B) Increased proliferation of radial and non-radial neural progenitors in the SGZ of adult sfrp3 KO mice. Shown in (A) are sample confocal images of immunostaining of MCM2 (blue), nestin (red) and DAPI staining (grey). Scale bars: 20 µm. Arrows point to MCM2 + nestin + radial glia-like neural stem cells (RGL; left) and MCM2 + nestin + non-radial neural precursors (right), respectively. Shown in (B) is a summary of stereological quantification of MCM2 + nestin + RGL and non-radial precursors in the adult dentate gyrus of WT and KO littermates. Values represent mean ± SEM (n = 4-5 animals each group; *: P < 0.01, one-way ANOVA). (C) A schematic diagram illustrating the genetic strategy for clonal analysis of RGLs in the adult WT and sfrp3 KO mice. (D) Summary of the number of GFP + clones in each dentate gyrus of adult sfrp3 KO and WT littermates at 7 dpi. Each circle represents data from one dentate gyrus. 5 Figure S3. Acute Effect of sFRP3 in Dendritic Development of Newborn Neurons in the Adult Mouse Dentate Gyrus, Related to Figure 3 (A) A schematic illustration of newborn neuron maturation during adult hippocampal neurogenesis. The neuronal maturation status of newborn neurons can be defined by their sequential and partially overlapping expression of DCX and NeuN: from DCX + NeuNto DCX + NeuN + to DCX -NeuN + .
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and Cer1, in the micro-dissected dentate gyrus tissue of adult WT mice, and 4 hours after a single ECS. Values represent mean ± SEM (n = 3; n.s.: P > 0.1; one-way ANOVA). (B) Generation and confirmation of sfrp3 KO mice. Shown is a schematic diagram of the targeting construct and Southern blot analysis of sfrp3 KO (-/-), HET (+/-) and WT (+/+) mice. (C) Confirmation of the effectiveness of shRNA against mouse sfrp3. Shown are sample western blot analysis of HEK293T lysates after co-transfection of shRNA and expression construct for HAtagged full length sFRP3 and summary of densitometry measurements of three individual experiments. sFRP3-HA band was normalized to that of β-actin for loading controls. Values represent mean ± SEM (n = 3; *: P < 0.01; one-way ANOVA). (D) Increase of cell proliferation after acute sfrp3 knockdown in the adult dentate gyrus. Shown at the left is a schematic diagram of the experimental design. Lentiviruses co-expressing tdTomato and shRNA-sfrp3 or shRNA-control were stereotaxically injected into the dentate gyrus of adult WT mice. Shown below are sample confocal images of tdTomato and BrdU immunostaining. Scale bar: 20 µm. Shown at the right is a summary of stereological quantification of BrdU + cells in the SGZ within tdTomato + regions. Values represent mean ± SEM (n = 6 animals each; P < 0.05; one-way ANOVA). (E) Increased canonical Wnt signaling after acute sfrp3 knockdown in the adult dentate gyrus. AAVs co-expressing GFP and shRNA-sfrp3 or shRNA-control were stereotaxically injected into the dentate gyrus of adult TOPGAL reporter mice and βGal expression was analyzed at 7 dpi. Shown at the left are simplified schematic diagram of the canonical Wnt signalling pathway and the TOPGAL reporter (top) and sample confocal images of GFP, βGal and DAPI (bottom). Scale bars: 20 µm. Shown at the right is a summary of quantification of βGal + cells within the granule cell layer and SGZ regions with GFP expression. Values represent mean + SEM (n = 3 animals each; *: P < 0.01; student's t-test).
Figure S2. Analysis of sFRP3 Function in Regulating Quiescent Neural Progenitors in the Adult Mouse Hippocampus, Related to Figure 2
(A-B) Increased proliferation of radial and non-radial neural progenitors in the SGZ of adult sfrp3 KO mice. Shown in (A) are sample confocal images of immunostaining of MCM2 (blue), nestin (red) and DAPI staining (grey). Scale bars: 20 µm. Arrows point to MCM2 + nestin + radial glia-like neural stem cells (RGL; left) and MCM2 + nestin + non-radial neural precursors (right), respectively. Shown in (B) is a summary of stereological quantification of MCM2 + nestin + RGL and non-radial precursors in the adult dentate gyrus of WT and KO littermates. Values represent mean ± SEM (n = 4-5 animals each group; *: P < 0.01, one-way ANOVA). (C) A schematic diagram illustrating the genetic strategy for clonal analysis of RGLs in the adult WT and sfrp3 KO mice. (D) Summary of the number of GFP + clones in each dentate gyrus of adult sfrp3 KO and WT littermates at 7 dpi. Each circle represents data from one dentate gyrus. The neuronal maturation status of newborn neurons can be defined by their sequential and partially overlapping expression of DCX and NeuN: from DCX + NeuNto DCX + NeuN + to DCX -NeuN + . (B-D) Accelerated dendritic growth of newborn neurons after acute sfrp3 knockdown in the dentate gyrus of adult WT mice. Shown in (B) is a schematic diagram of the experimental design. High titers of lentiviruses co-expressing tdTomato and shRNA-sfrp3 or shRNA-control were stereotaxically injected into the dentate gyrus of adult WT mice, followed by injection of retroviruses expressing GFP into same sites 14 days later. Mice were sacrificed 14 days after retroviral injection for morphological analysis. Shown on the bottom are sample confocal projection images of tdTomatoexpressing lentiviruses and GFP-expressing retroviruses. Scale bar: 20 µm. Also shown are cumulative distribution plots of total dendritic length (C) and branch number (D) of newborn neurons under different conditions. Each symbol represents data from a single GFP + neuron at 14 dpi (*: P < 0.01; Kolmogorov-Smirnov test).
Figure S4. Activity-Dependent Expression of sFRP3 in Regulating Adult Hippocampal Neurogenesis, Related to Figure 4
(A) Increased Wnt signalling in the adult dentate gyrus after running. Adult TOPGAL reporter mice were housed with free access to a fixed (control) or functional running wheel (running) for 3 days. Shown at the left are sample images of βGal immunostaining in the dentate gyrus. Note the presence of βGal + radial glia-like neural stem cells (RGL). Scale bars: 20 µm (two left images) and 10 µm (right image). Shown at the right is a summary of quantification of βGal + cells in the granule cell layer and SGZ of the adult dentate gyrus. Values represent mean + SEM (n = 3 animals; *: P < 0.01; student's t-test). (B) Decreased sfrp3 expression in the dentate granule cell layer upon optogenetic activation. Engineered AAVs were stereotaxically injected into the adult dentate gyrus to express ChR2-YFP. Three weeks later, light stimulation or sham treatment was performed twice at 4 days apart, followed by analysis two hours after the second light stimulation. Shown at the left are sample in situ images and confocal images of ChR2-YFP and Arc immunostaining to confirm ChR2 expression and neuronal activation, respectively. Scale bar: 20 µm. Shown at the right is a summary of quantification of sfrp3 in situ. Data were normalized to sham controls processed in parallel. Values represent mean + SEM (n = 4 animals each condition; *: P < 0.01; one-way ANOVA). (C) Decreased sfrp3 expression in the hippocampus of adult mice after pilocarpine-induced seizures. Shown is the quantification of sfrp3 expression in the hippocampus of adult WT mice with pilocarpine injection analyzed by quantitative real-time PCR. Values were normalized to sham controls for each time point and represent mean ± SEM (n > 3 animals for each time point; *: P < 0.05; one-way ANOVA). (D) Attenuated ECS-induced cell proliferation in the SGZ of adult sfrp3 KO mice. Same groups of animals in Figure 4C were analyzed. Data were normalized to sham control without ECS for KO and WT group, respectively. Values represent mean ± SEM (*: P < 0.05; one-way ANOVA). (E) Attenuated running-induced cell proliferation in the SGZ of adult sfrp3 KO mice. Same groups of animals in Figure 4E were analyzed. Data were normalized to the corresponding sham control without running for KO and WT group, respectively. Values represent mean ± SEM (*: P < 0.05; one-way ANOVA). (F-G) Accelerated dendritic growth of newborn neurons after a single ECS either 3 or 6 days after retroviral labelling in the adult WT mice. Shown are cumulative distribution plots of total dendritic length (F) and branch number (G) of newborn neurons in WT mice. Each symbol represents data from a single GFP + neuron at 14 dpi (*: P < 0.01; Kolmogorov-Smirnov test). (H) Lack of ECS-induced acceleration of dendritic growth of newborn neurons in the adult sfrp3 KO mice. Same groups of animals in Figure 4F were analyzed. Data were normalized to the corresponding sham control without ECS for KO and WT group, respectively. Values represent mean ± SEM (*: P < 0.05; one-way ANOVA). All the antibodies used in the current study are listed for their species, dilution and sources.
Supplemental Experimental Procedures

RNA-seq, Quantitative Real-Time PCR and In Situ Hybridization
For gene expression analysis, total RNA was immediately isolated after micro-dissection of dentate gyrus from hippocampi of adult WT mice, or upon ECS or running as previously described (Ma et al., 2009) . For RNA-seq analysis, poly-A-containing mRNA was purified from 1 µg DNase-treated total RNA, and fragmented using divalent cations under elevated temperature. for GFP and Arc, Proteinase K treatment was shortened to 12 minutes to preserve antigens. After the NBT and BCIP colour reaction, the sections were subjected to immunostaining with antibodies against GFP and Arc. All experiments were processed in parallel for direct comparison of labelling.
Electroconvulsive Stimulation, Voluntary Running, Pilocarpine Treatment, and Optogenetic
Manipulation
For ECS experiments, animals were administered ECS via ear-clip electrodes using an Ugo Basile ECT unit Model 7801 as previously described (Ma et al., 2009 ). Under the specific parameters (1.0 s, 100 Hz, 13 mA stimulus of 0.3 ms square wave pulses), all animals showed typical convulsions lasting 1-2 s characterized by full extension of hind limbs. Sham control animals received the same treatment, except that no current was passed. For voluntary running experiments, littermates of adult female sfrp3 KO and WT mice, or TOPGAL mice (8 weeks old) were randomly separated into two groups in standard home cages with free access to a functional or locked running wheel that was mounted in the cage as described previously (Guo et al., 2011a; Ma et al., 2009) . For pilocarpine-induced seizure, adult female WT mice were administered methylscopolamine (2 mg/kg body weight, i.p.) to reduce the peripheral cholinergic effects 15-30 minutes prior to pilocarpine injection. Experimental animals were then injected with pilocarpine (320 mg/kg body weight in 0.2 ml sterile saline, i.p.). Control mice were administered a comparable volume of vehicle after the initial methylscopolamine treatment. Only mice that had multiple level III-V seizures within 2 hours of pilocarpine injection were used (Shibley and Smith, 2002) . For optogenetic manipulation, fiber optic cannulae (Doric Lenses, Inc.) were implanted at same sites right after AAV injection with the dorsal-ventral depth of 1.6 mm from the skull as previously described (Song et al., 2012) .
Animals were then allowed to recover for at least 3 weeks before experiments. A light stimulation protocol recently used for optogenetic analysis of dentate granule neurons in fear memory recall (472 nm; 15 ms at 20 Hz for 3 min) (Liu et al., 2012) was applied via the DPSSL laser system (Laser Century Co. Ltd., Shanghai, China) twice at 4 days apart similarly as previously described (Song et al., 2012) . The stimulation paradigm in the current setting was very strong and may not be physiological. Animals were processed for dual sfrp3 in situ and Arc immunostaining 2 hours after the second light stimulation. Animals receiving the same procedure without any light stimulation were used as sham controls. All animal procedures were approved by the Institutional Animal Care and Use Committee.
Generation of sfrp3 Knockout Mice
To replace the first coding exon of sfrp3 with lacZ, a flanking segment of 3.5 kb located immediately upstream of the initiator methionine codon of sfrp3 was fused to the initiator methionine codon of a β-galactosidase expression cassette. The β-galactosidase is followed by an intron and a poly(A) site from the mouse protamine-1 gene and by a phosphoglycerate kinase-neo selectable marker, both with the same orientation. The 5.5 kb 3' homology segment, containing intron sequences 2.6 kb downstream of the first coding exon and the second coding exon, is followed by a thymidine kinase-negative selectable marker (MC1-TK). The sfrp3 targeting vector was electroporated into R1 mouse embryonic stem cells, and selected with G418 and gancyclovir. Colonies were screened by Southern blot hybridization for homologous recombination. Positive clones were injected into C57BL/6 blastocysts. Sfrp3 HETs were maintained on C57BL/6:129 (50:50) background for BrdU and retroviruses analyses. For clonal analysis, sfrp3 HETs were back-crossed to C57BL/6 background for over five generations.
BrdU Labelling, Immunostaining, Confocal Imaging, and Analysis
Littermates of adult female sfrp3 WT and KO at 7-8 weeks of age were used. Adult littermates were injected once with BrdU (200 mg/kg body weight, i.p.) to label cells in the S-phase of the cell cycle and analyzed 2 hours later ( Figure 1D ). For neuronal differentiation and maturation analysis, adult littermates were injected with BrdU (50 mg/kg body weight, i.p., once daily at 10 AM) for one week and sacrificed two ( Figures 3A-B ) or four weeks ( Figure 1F ) after the first BrdU injection. Coronal brain sections (40 µm thick) were prepared from injected mice and processed for immunostaining as previously described Ge et al., 2006) . For nestin and MCM2
immunostaining ( Figures 1E and S2A) , an antigen retrieval procedure was performed as previously described . Antibodies used in this study are listed in Table S1 . Images were acquired on a LSM 510 META multiphoton confocal system (Zeiss) using a multi-track configuration. Stereological quantification of BrdU + , BrdU + NeuN + and NeuN + cells within the SGZ and granule cell layer were carried out as previously described (Gundersen and Jensen, 1987; Kempermann et al., 1997; van Praag et al., 2002; West et al., 1991) . All assessments were performed by an observer blind to the genotypes or treatment of the animals. Statistical analysis (P < 0.01) was assessed with one-way ANOVA or student's t-test as indicated.
Construction, Production, and Stereotaxic Injection of Engineered Viruses and Osmotic
Pump Infusion
Engineered self-inactivating murine onco-retroviruses were used to express GFP specifically in proliferating cells and their progeny as previously described (Duan et al., 2007; Ge et al., 2006) .
High titers of engineered retroviruses (1 x 10 9 unit/ml) were produced by co-transfection of retroviral vectors and VSVG into HEK293gp cells followed by ultra-centrifugation of viral supernatant as previously described (Ge et al., 2006) . Littermates of adult female sfrp3 KO, HET and WT mice (7-8 weeks old) housed under standard conditions were anaesthetized and retroviruses were stereotaxically injected into the dentate gyrus at 4 sites (0.5 µl per site at 0.25 µl/minute) with the following coordinates (in mm): posterior = 2 from Bregma, lateral = + 1.6, ventral = 2.5; posterior = 3 from Bregma, lateral = + 2.6, ventral = 3.2. Mice were processed at 14 or 21 dpi for morphological analysis as previously described (Ge et al., 2006) . Briefly, three-dimensional (3-D) reconstructions of the dendritic processes of each GFP + neuron were made from Z-series stacks of confocal images. The projection images were semi-automatically traced with NIH ImageJ using the NeuronJ plugin. The total dendritic length and branch number of each individual GFP + neurons were subsequently analyzed. Measurements do not include corrections for inclinations of dendritic processes in Z-plane and therefore represent projected lengths. For dendritic spine analysis at 21 dpi, sections were processed for immunostaining using anti-GFP antibodies. For complete 3D reconstruction of spines, consecutive stacks of confocal images (0.22 μm x 0.22 μm, z-step of 0.5 μm) were acquired at high magnification (63x, 5x zoom) to capture the full depth of dendritic fragment (20-35 μm long) and spines (Zeiss). Confocal imaged stacks were deconvoluted using a blind deconvolution method (Autoquant). The structure of dendritic fragment and spines were traced using 3-D Imaris software using a "fire" heatmap and a 2D x-y orthoslice plane to aid visualization (Bitplane). Dendritic fragments were traced using automatic filament tracer, whereas dendritic spines were traced by means of an autopath method with the semi-automatic filament tracer. Summaries of total dendritic length, branch number and spine density of each individual neuron under different conditions are shown in cumulative distribution plots. Statistical significance (P < 0.01) was assessed using the Kolmogorov-Smirnov test.
A lentiviral vector pFUGW co-expressing shRNA under the U6 promoter and tdTomato under the EF1α promoter were used (Duan et al., 2007) . The short hairpin sequences used are as follows: (shRNA-sfrp3) 5'-GCTAGCGATTCCACTCAGAAT-3'; (shRNA-control) 5'-AGTTCCAGTACGGCTCCAA-3'. To validate the knockdown efficiency of the shRNA at the protein level, shRNA-sfrp3 or shRNA-control were co-transfected with expression construct for HA-tagged full-length sFRP3 into HEK293T cells in vitro, followed by Western blot analysis using anti-HA antibody ( Figure S1C ). Highly concentrated lentiviruses co-expressing shRNA-sfrp3 or shRNAcontrol and tdTomato were stereotaxically injected into the dentate gyrus of adult C57BL/6 WT mice.
For cell proliferation analysis, BrdU (200 mg/kg body weight, i.p.) was injected at 14 days after lentiviral infection and examined 2 hours later. Stereological quantification of BrdU + cells in the SGZ were carried out only in tdTomato + coronal sections ( Figure S1D ). For dendritic development analysis, retroviruses expressing GFP were injected into same sites of the dentate gyrus 14 days after lentiviral injection and mice were examined 14 days later for morphological analysis ( Figures   S3B-D ). An AAV vector co-expressing the same shRNA under the U6 promoter and GFP under the EF1α promoter (Guo et al., 2011b) was used in adult TOPGAL reporter mice to examine the role of sFRP3 in Wnt signalling ( Figure S1E ).
For optogenetic manipulation ( Figure S4B ), engineered AAVs expressing ChR2-YFP under the EF1α promoter were obtained from the Viral Core of University of Pennsylvania. High titers of AAV were stereotaxically delivered into the dentate gyrus of adult WT mice using the following coordinates (in mm): posterior = -2 from Bregma; lateral = ±1.5; ventral = 2.2.
For sFRP3 infusion experiments ( Figure 4D ), adult WT animals (C57BL/6 female; 13 weeks old) were infused with recombinant sFRP3 (R&D systems) into the right ventricle by osmotic minipumps (model 1007D, Alzet) with the following coordinates (in mm: posterior = 0.34 from Bregma, lateral = 1, ventral = 3) (Guo et al., 2011a) . The recombinant sFRP3 protein or vehicle was delivered at a flow rate of 0.5 μl/hour, resulting in 120 ng/day for 7 days. Animals were subjected to a single ECS at day 4, injected with BrdU (200 mg/kg body weight, i.p.) at day 7, and then analyzed at 2 hours after BrdU injection.
Animals, Tamoxifen Administration, and Clonal Analysis
